A previously derived semi-microscopic analysis based on the Double Folding Model, for α-particle elastic scattering on A ∼100 nuclei at energies below 32 MeV, is extended to medium mass A ∼50-120 nuclei and energies from ∼13 to 50 MeV. The energy-dependent phenomenological imaginary part for this semi-microscopic optical model potential was obtained including the dispersive correction to the microscopic real potential, and used within a concurrent phenomenological analysis of the same data basis. A regional parameter set for low-energy α-particles entirely based on elastic-scattering data analysis was also obtained for nuclei within the above-mentioned mass and energy ranges. Then, an ultimate assessment of (α, γ), (α, n) and (α, p) reaction cross sections concerned target nuclei from 45 Sc to 118 Sn and incident energies below ∼12 MeV. The former diffuseness of the real part of optical potential as well as the surface imaginary-potential depth have been found responsible for the actual difficulties in the description of these data, and modified in order to obtain an optical potential which describe equally well both the low energy elastic-scattering and induced-reaction data of α-particles.
Introduction
The α-nucleus optical model potential (OMP) plays a key role in studies of nuclear structure and nuclear reactions, e.g. it is used to unify the bound and scattering α-particle states [1] , to analyze the superheavy nuclei α-decay halflives [2] , in basic nuclear astrophysics applications [3] and for the estimation of radiation-damage effects in fusion test facilities and accelerator-driven systems. A successful global optical potential was formerly obtained by Nolte et al. [4] only for α-particle energies above 80 MeV. At the same time, it has already been observed that the results obtained from the analysis of the lowenergy elastic scattering data suffer from discrete and continuous ambiguities in the OMP parameters. Moreover, two main questions are still open: (i) the OMP parameter sets obtained from α-particle elastic scattering at high energies [4] do not describe either the lower-energy (<40 MeV) elastic scattering or the complete fusion data, and (ii) the statistical α-particle emission is underestimated by the OMPs that account for elastic scattering on the ground-state nuclei [5, 6, 7, 8] . In the latter case, the need for new physics in potentials to describe nuclear de-excitation within the statistical model calculations has already been pointed out [9] . Similarly, the effects caused by changes of the nuclear density at a finite temperature have been considered in this respect within the real part of the double folding model (DFM) of the alpha-nucleus optical potential [10] .
Three improved semi-microscopic global optical potentials have been derived recently [11] in order to reproduce α-particle elastic scattering as well as α-induced and (n, α) reaction data, by using the same DF real potential and WS imaginary parts with either a purely volume imaginary term (I), or a volume plus surface imaginary potential (II), as well as a damped surface potential together with the dispersive contribution to the real DF potential (III). In spite of these quite distinct assumptions, it has been shown that these three OMPs lead to cross sections which do not exhibit any substantial differences apart for some cases at backward angles. However, all three of them show an uncertainty factor of 10 up to which it has been possible to predict globally α-induced reaction cross sections [11] . As a result, in order to avoid any question concerning the remaining parameters largely needed within statistical model calculations, a DFM-based semi-microscopic analysis of only α-particle elastic scattering on A ∼100 nuclei at energies from ∼14 to 32 MeV has been carried out [12] . The use of this potential at even lower energies has provided a suitable description of the (α, n) reaction cross sections for lighter target nuclei with A≤54 [13] , while it has led to a major overestimation of (α, γ) reaction cross sections for 106 Cd [14] and 112 Sn [15] . Better results have been provided in the later cases by either the well-known mass-and energy-independent fourparameter global potential of McFadden and Satchler [16] obtained by analysis of 26 MeV α-particle elastic scattering, or with the potential of Refs. [17, 18] which was fitted to (n, α) and (α, γ) reaction data around A ∼145. At the same time the measured (α, n) and (α, p) reaction cross sections [14] have been described only by the OMPs of Refs. [10, 16] while even the α-potential of Galaviz et al. [19] , which was deduced from the α-particle elastic scattering on 112 Sn at energies close to the Coulomb barrier, only poorly describes the data for α-capture on 112 Sn at energies lower than 2-6 MeV. A common final assumption [14, 15] , related to a similar overestimation of the (α, γ) data and an underestimation of the (α, p) data, has been that these deviations are not only caused by the α-potential. However, the quotation in Ref. [14] of Ref. [10] for the possible difference between optical potential derived from scattering and reaction data, discarded the distinction between the incident and the emitted α-particles discussed within the latter paper. One may indeed keep in mind the difference in energy range within which an α-particle potential is usually established by analysis of the elastic scattering, and that of the α-induced reactions of astrophysical interest. Similar questions have been raised by a rather recent analysis for the target nuclei 63 Cu [20] , 96, 98 Ru [21] and 118 Sn [22] .
A global α-nucleus optical potential has been proposed by the BARC group [23] for A ∼12-209 and energies from the Coulomb barrier up to about 140 MeV, based on the systematics of the real and imaginary potential volume integrals established by Atzrott et al. [24] by using a DFM real part and the description in a unified way of elastic scattering data for A=40-208 and energies from 30 to 150 MeV, as well as bound state properties. The BARC global potential has been found to describe well the high energy elastic-scattering data, while at lower energies the calculations and the data differ considerably and further investigation has been found necessary [23] . Next, an acceptable quality of fits has been considered for the calculation of nuclear reactions with α-particles especially in the entrance channel. However, this conclusion could be influenced, at very low incident energies, by the comparison with the results obtained by using improperly the distinct OMP for emission of α-particles [8] .
The recent high precision measurements of α-particle elastic-scattering, e.g. [19, 25, 26] , pointed to additional features of the α-particles scattering at low energy. Consequently, further eventual improvement of global OMP parameters obtained previously through semi-microscopic analysis of the low-energy α-particle elastic scattering become possible [27] . It is discussed in the present work with reference to the mass region 50≤A≤124 and energies below 50 MeV. Following the above-mentioned studies which aim to describe both the α-particle elastic scattering and reaction data, we have first attempted to understand the failure of α-particle OMPs from elastic-scattering analysis, to describe the reaction data. Thus, getting an insight on moving below the Coulomb barrier from the energy range where the α-particle OMPs are usually established by elastic-scattering analysis, the eventual difference of α-particle potentials in the entrance/exit channels [8, 10] could be made clear.
The present work aims firstly to extend the previous semi-microscopic analysis of Ref. [12] on lighter nuclei (A ∼60) in order to use the corresponding larger data basis of the α-particle elastic scattering. The basic model ingredients are given in Sec. 2 while the results of the semi-microscopic analysis of the experimental α-particle elastic scattering on A <124 nuclei at energies below 50 MeV, performed in order to adopt a proper energy-dependent phenomenological imaginary part, are described in Sec. 3. The work is completed by a full phenomenological analysis of the same data, leading to a regional optical potential (ROP) parameter set. Its connection to a survey of α-particle induced reaction data below 12 MeV is given in Sec. 4, starting with the accurate total-reaction cross sections of Vonach et al. [28] and including the open questions recently noted for 63 Cu [20] and A ∼100 nuclei [14, 15, 21, 22] . As a matter of fact, in order to calculate the reaction cross section we have used a consistent parameter set established by analyzing various independent exper-imental data for all stable isotopes of V, Mn, Co, Ni, Cu [29, 30, 31] , Mo [32] , Pd, Sn and Te [33] . Thus, it became possible to focus on the uncertainties of the α-particle OMP parameters and their improvement. Final conclusions are provided in Sec. 5. Preliminary results have been presented elsewhere [13, 34] .
2 The semi-microscopic and phenomenological optical potentials
The Double-Folding real potential
Various attempts have been made to replace the phenomenological real potential of Woods-Saxon (WS) type by a microscopic α-nucleus potential using an effective nucleon-nucleon (NN) interaction, in order to avoid too much phenomenology in the description of the α-particle elastic scattering data. Actually the DF method [35] , with an effective NN-interaction folded with the mass distributions of both the target nucleus and the projectile, has been widely used to generate OMPs for nucleons, α-particles and heavy-ions (e.g., [35, 36, 37] ). The M3Y-Reid [38] and Paris [39] are the most familiar interactions [35, 36, 40] , while a density dependence of the NN-interaction has been also incorporated [37, 41, 42] . However, the M3Y-interactions can be used only to obtain the real potential, and the imaginary term must be parameterized independently (e.g. [40] ) or simply taken from a phenomenological OMP [35] . As a first result, the former approach may reduce the number of the OMP parameters and corresponding uncertainties, its success being proved in the description of the elastic scattering of many systems [40] .
More recently the DF formalism for the α-nucleus optical potential has been revised at α-particle energies above 80 MeV, in order to study the exchange effects and density dependence of the effective NN-interaction [37] . However, the situation is considered less clear for the α-nucleus OMP at low energies, where the imaginary-potential is strongly energy dependent and nuclear structure effects should be taken into account, the data being mainly sensitive to the potential at the nuclear surface. Therefore, in addition to the results of Khoa [37] , suitable constraints for OMP parameters at α-particle energies around the Coulomb barrier have been checked [12] using the most advanced DFM version with the explicit treatment of the exchange component and no adjustable parameter or normalization constant.
The key ingredients of the DFM calculations which are the effective NNinteraction and the nuclear-density distributions of the interacting nuclei, have been enlightened by the analysis [12] of the α-α elastic-scattering angular distributions measured at incident energies below the reaction threshold of 34.7 MeV for the first open channel 7 Li + p. These data were found to be better described by the M3Y-Reid [38] than by the M3Y-Paris [39] effective NN-interaction, both folded with the Baye et al. [43] α-particle density distribution. This choice provides a better agreement with the data as compared to the Satchler-Love [35] and Tanihata et al. [44] forms. Moreover, the density dependence of the M3Y effective NN-interaction, which accounts for the reduction of the interaction strength with increasing density was chosen with a linear energy dependence (BDM3Y type) [41] provided by the analysis [12] of angular distributions of the elastically scattered α-particles on 90 Zr at energies between 21 and 25 MeV.
Finally, the nuclear density distribution of the target nuclei needed in the DFM has been described by means of a two-parameter Fermi-type function with the parameters chosen to reproduce the electron scattering data [45, 46] and the shell model calculations [47] . The basic formulas for the calculations of the DFM real part of the optical potential as well as the rest of the model assumptions are given in Ref. [12] .
The semi-microscopic and phenomenological optical potentials
Similarly to the semi-microscopic analysis in Ref. [12] of the α-particle elastic scattering on A ∼100 nuclei, at energies below 32 MeV, we obtained the energy-dependent phenomenological imaginary potential using the corresponding dispersive correction ∆U(r, E) to the microscopic "parameter free" DF real potential U DF (r, E) within the complex optical potential U(r),
The same volume (V ) and surface (D) imaginary potentials have then been involved within a phenomenological analysis of the same data basis, leading to a ROP with Woods-Saxon (WS) form factors for both real and imaginary parts:
where
, and R i =r i A 1/3 , A being the target-nucleus mass number. V C (r) is the Coulomb potential of a uniformly charged sphere of radius R C while r C = 1.30 fm. The additional surface term of the imaginary part, with the derivative shape, has been introduced at lower energies because of the importance of direct reactions, while the number of direct channels is still small in this energy range.
W D decreases with increasing energy and vanishes at few tens of MeV, e.g. Refs. [11, 25, 48] .
It should be emphasized that no adjustable parameter or normalization constant has been involved within this analysis for the real part of Eq. (1) in order to determine the imaginary part of the OMP, so that the predictive power of this semi-microscopic potential is preserved. On the other hand, the widely used renormalization factor [37] for the real semi-microscopic potential is a convenient way to take into account the absorption from the elastic channel and the presence of couplings to other channels [49, 50] , while these effects can be represented by the imaginary-potential dispersive contribution to the total real potential in addition to the real DF potential [51, 52, 53] . The analytical solution for the dispersion relation [51] adopted and discussed previously [12] has been used also in the present work.
(α,α) semi-microscopic and phenomenological analysis
Since the previously published phenomenological analyses of α-particle elastic scattering data for 50≤A≤124 target nuclei were performed for various target nuclei only at specific incident energies, and the systematic behavior of the mass or energy dependences of the corresponding OMP parameters were not considered, we have looked for a consistent parameter set able to describe the bulk of these data at lower, e.g. ≤50 MeV, incident energies. Thus we have analyzed experimental angular distributions of α-particle elastic-scattering on target nuclei from 50 Ti to 124 Sn and α-particle energies from 8.1 to 49 MeV (see Table 1 , where an overview on the present data and results of the analysis is given).
Within our two-step OMP approach [12] , we determined first the parameters of an energy-dependent phenomenological imaginary part while the parameter-free DF potential, Eq. (1) was used for the OMP real part. The computer code SCAT2 [70] has been used, modified to include the semimicroscopic DF potential of Refs. [41] as an option for the real potential. Unfortunately an analysis of the χ 2 -deviation per degree of freedom between the experimental and calculated cross sections, which would have been the optimal procedure, has not been possible in all cases due to the lack of numerical cross-sections including the corresponding errors for some of the experimental data given in Table 1 . Nevertheless, this procedure was applied for the more recent data using the original errors and a good overall agreement was obtained for various target nuclei, thus providing a suitable validation of the actual OMP parameter sets.
In order to have the usual WS-parameterizations according to Eq. (2), phe-nomenological analysis of the same data was then carried out keeping the imaginary part unchanged from the former semi-microscopic analysis. In fact, minor adjustment were involved for the imaginary potential depths (Table  2 ) but none for the related average geometry parameters given in Table 3 . The advantage of having already well settled about half of the usual OMP parameters increases obviously the accuracy of the local fit of data (Figs. 1-7 ). This procedure reduces to a great extent the problem of OMP continuous ambiguities in the real potentials of WS shape, as noted previously also by Mohr et al. [71] . However, the question of discrete ambiguities known as the "family problem", with various real potential depths V R leading to comparable fits to the experimental data as shown in Fig. 8 is still open. The similar χ 2 minima have been obtained by continuous variation of the V R value and readjusting correspondingly the real-potential geometry parameters. For the last two quantities continuous ambiguities within the same discrete ambiguity (as, e.g., in Fig. 1 of Ref. [16] ) are not shown but the values corresponding to the optimum values of V R , in order to point out the trend of their change with "families". As a matter of fact, the origin of the discrete ambiguity has been well understood from the beginning as different numbers of half-wavelengths are included within the potential well [16] , while the elastic scattering analysis alone is not able to solve this problem [72] . However, Mohr et al. [71] have shown that, once very accurately measured scattering data became available, one may discriminate between discrete values of the real-potential volume integrals per interacting nucleon pair, given by the general form
where x=R, V, D. Thus we have looked also for the J R values corresponding to the χ 2 minima in Fig. 8 as well as for all angular distributions analyzed in the present work ( Table 2) . As a result, most of these minima are related to values of about J R ∼380-440 MeV fm 3 , around the α-particle energy of 25 MeV (Fig. 1 ), slightly decreasing with energy. Therefore these best-fit WS real-potential parameters have been selected in the cases where more similar χ 2 minima exist, and involved subsequently in a procedure of deriving average mass-, charge-, and energy-dependent parameters for the mass and energy ranges of this work, but as close as possible to those introduced by Nolte et al. [4] above 80 MeV. Since it is well-known [16] , that a linear interpolation between the optimum values does not lead to parameter values which describe the data reasonably well, the dotted curves in Fig. 8 having only the role to display a trend, these average dependences were not obtained at once for all real potential parameters. In order to reduce as much as possible the adverse effects of the averaging, the fit of the data was repeated each time after the average dependences were derived, and the result consequently used first for the reduced radius and afterward for the potential depth. The local a R values obtained finally by using average values for the rest of all OMP parameters are shown in Fig. 9 versus the α-particle energy as well as for ratio to the Coulomb barrier value. The mass dependence of the values of the interaction radius R B [73] used in this respect, given in Table 3 , emphasizes a similar importance of energy-and mass-dependences of the real-potential diffuseness, appropriately described by the form given in Table 3 for energies from the Coulomb barrier to ∼25 MeV. However, the spread of these local parameter values at higher energies has not been fully understood, so that an average value of a R =0.55 fm has been adopted for the energy range above a value E 3 given in Table 3 .
While the real J R , volume J V and surface J D imaginary components of the local phenomenological potentials are also given in Table 2 , the J R values corresponding to the average OMP parameters of Table 3 decrease from ∼410 to ∼370 MeV fm 3 between the α-particle energies ∼12-50 MeV. These values correspond to volume integrals between ∼310-280 MeVfm 3 for the microscopic DFM potentials which provide a similar description to the elastic scattering data at low energies, and being almost identical in the tail region (e.g., Fig.  10 of Ref. [12] ). Actually, the differences between these volume integrals of microscopic DF and phenomenological real potentials are simply due to their different radial dependence, which should be taken into account when the two types of potentials are compared. Therefore we have once more found [12] that our J R values correspond to microscopic DFM volume integrals which are 10% lower than expected from the systematics found in [19, 24, 25, 71, 74] . They are also similar to those obtained by using the semi-microscopic potential III of Ref. [11] at the same energies, or derived from the analysis of α-decay [2, 74] .
The angular distributions calculated using these average parameters (regional optical potential -ROP) are shown in Figs. 1-7, in order to emphasize its usefulness and related deviations from the local analysis results. Moreover, the predictions of the most recent global parameter set of Kumar et al. [23] are included, while those provided by McFadden and Satchler with a fourparameter global potential [16] have already been presented elsewhere [13] . A comparison of semi-microscopically calculated angular distributions and ROP results is shown in Fig. 10 (a) for the lowest α-particle energies on 58 Ni, within a discussion to be given in Section 4.2 on the effects of a ROP particular amendment below the Coulomb barrier. On the whole, a really improved description of the data is provided by the present ROP. Moreover, it should be noted that a rather suitable account of the data is also obtained using OMPs with real-potential diffuseness a R [12, 16] notably lower than the a R values which are needed in order to describe α-particle emission from excited compound nuclei [8, 10] .
4 (α, x) and total α-reaction cross section analysis
Particular ROP features below the Coulomb barrier
The enlarged analysis of the α-particle optical potential based on the elastic scattering data, achieved mainly at energies above the Coulomb barrier, makes one confident to check its suitability at even lower energies. Actually one may expect that a simple extension of the corresponding OMP parameters, below the energies involved within their establishment, could be reliable provided that these parameters vary regularly over the entire energy range. For the α-particle energies below the Coulomb barriers this could be the case of, e.g., the real and volume imaginary potential but not for the surface imaginary potential according to the related comment in Sec. 2.2. The analysis of the (α, x) reaction cross sections below the Coulomb barrier may reveal OMP parameters different by those at the former energies. On the other hand, a change of the surface imaginary potential depth below the Coulomb barrier is related indeed to a variation of the corresponding dispersive correction (inset in Fig. 10 ) to the real part of the semi-microscopic potential, so that an additional analysis should concern the eventual effects on the first step of our ROP setting up.
First, we have used the ROP parameters given in Table 3 for energies above the Coulomb barrier, for Hauser-Feshbach statistical model calculations of (α, x) reaction cross sections. They were carried out similarly to the previous analysis of (n, α) reaction cross section for A ∼90 [10, 75] , except the investigated OMP was now related to α-particles in the incident channel. For the rest of statistical-model parameters we have used consistent sets established by analyzing various independent experimental data for all stable isotopes of V, Mn, Co, Ni, Cu [29, 30, 31] , Mo [32] , and Pd, Sn and Te [33] . While a suitable description of the (α, n) reaction cross sections was found for lighter target nuclei with A≤54 (Fig. 11) , well improved over the ∼10% accuracy [13] provided by the global parameter sets of McFadden and Satchler [16] , a major overestimation of (α, γ) reaction cross sections resulted for the target nuclei 62, 64 Ni (Fig. 12 ), 63 Cu (Fig. 13) , 96, 98 Ru (Fig. 14) , and 106 Cd and 112,118 Sn (Fig. 15 ). For this latter class of nuclei, definitely marked by larger charge and atomic numbers, even the global OMP of McFadden and Satchler provided better results [14, 15, 20, 21] than our former ROP based on elasticscattering data analysis [12] . On the other hand, the calculated reaction cross sections corresponding to this global potential vary with respect to the experimental data, from an underestimation around 10% for target nuclei with A ∼60 [13] to much larger overestimation for A >100 [14, 15] . Therefore, in order to understand better the behavior of these reaction data, we chose to analyze them against the ratio E c.m. /B C between the incident energy in the center-of-mass system and the Coulomb barrier (Figs. 11-15 ). The total α-reaction cross sections provided only by the ROP parameters established by the elastic-scattering analysis alone are additionally shown in Figs. 12-15 for the target nuclei with A >60. The energy ranges within which the (α, γ) and subsequently (α, n) reactions control the whole α-particle interaction by the α-particle OMP become thus obvious.
A major source of uncertainty has been the real-potential diffuseness a R , which is the OMP parameter marked by the largest sensitivity of statistical-model calculated cross sections (e.g., Ref. [10] ). The systematics provided by the analysis of the elastic-scattering data for E c.m. /B C >0.9 (Fig. 9) imply a real-potential diffuseness increasing with the energy decrease, confirmation of this behavior being essential since a similar trend is specific to OMP describing the α-particle emission [8, 10] . Its establishment at very low energies would therefore override any additional assumption related to different OMP parameter sets in the incident and emergent channels, respectively. However, the account of measured (α, x) reaction cross sections seems to presume a decrease of this parameter with the energy decrease. Thus, with no other data at hand, a constant a R value appears as the foremost option for the real-potential diffuseness at energies lower than a value, E 2 , corresponding to 0.9B C (Table  3) . A second run of statistical-model calculations using this assumption shown by dashed curves for some of the reactions in Figs. 12-15 provides calculated cross sections lower than the former ones by less than 10% for A ∼60 (Fig. 12 ) and ∼15% for A >100 (Fig. 15) . This minor change proves that a constant a R below the Coulomb barrier, being yet an appropriate choice within the actual knowledge, can not account for the low energy (α, x) reaction data.
Since the real and volume imaginary potential are less uncertain, as noted in the beginning of this section, the surface imaginary potential remains the central point of discussion. Actually Mohr et al. [71] pointed out that the strong change of the number of open reaction channels close to the Coulomb barrier leads to a strong variation of the surface and volume imaginary potentials. This variation has been described by a parametrization of the imaginary-potential volume integral either according [24, 71] to Brown and Rho [76] or by using a Fermi-type function [11, 25, 77] . On the other hand it has been pointed out [19, 25] that the actual ambiguities do not allow to determine the shape of the imaginary potential and reduce the reliability of extrapolations to lower energies. Therefore, our final change of the ROP obtained by elastic-scattering analysis, in order to describe the (α, x) reaction data at these energies, has been the drop of the surface imaginary potential depth with the decrease of α-particle energy below the energy limit E 2 . This choice is consistent with the above-mentioned strong change of the number of open reaction channels close to the Coulomb barrier, tightly matched by the E 2 values with the mass dependence shown in Fig. 16 . Following this consideration and the demand of suitable description of the excitation functions in Figs. 12-15, we have ob-tained the corresponding slope of the W D (E) energy-dependence in Table  3 . Its average value of 6 would then determine the starting point E 1 of the surface imaginary-potential energy range. However, in order to avoid overall numerical problems just above reaction thresholds, we have not finally chosen a vanishing value of the potential depth W D at the very low energy but a minimum value of 4 MeV. This depth limit and aforementioned slope of the W D (E) eventually lead to the E 1 global expression given in Table 3 for the final form of ROP in the whole energy range below 50 MeV. Other E 1 values, related to a constant value of W D lower than 4 MeV at the null α-particle energy, may even provide an improved agreement with the measured data in particular cases mentioned in the following. Moreover, one can now explain the poorer results for (α, x) reaction data of the former α-particle ROP based on the elastic-scattering analysis alone [12] as compared to the fourparameter global potential [16] and related OMPs [17, 18] which have only a volume imaginary potential with a constant depth. As a result, the lack of an energy-decreasing surface component has prevented larger deficiencies in the fits which arise in extrapolations below the Coulomb barrier.
Effects within the whole energy range of ROP particular amendment below the Coulomb barrier
The latest change of the surface imaginary potential depth below the Coulomb barrier should be followed by a corresponding change, through the dispersive relations with an integral over all incident energies, in the real part of the semi-microscopic potential which has been the first step of our ROP setting up. Therefore, one may consider that the iterative procedure applied in order to find the best description of the elastic-scattering data should be resumed by using the modified surface imaginary potential depth within the dispersive correction formula, e.g., Eq. (4.2) of Ref. [12] . The corresponding correction to the DF real potential for the target nucleus 58 Ni, due to only the final form of the ROP surface imaginary-potential (Table 3) , is shown within the inset in Fig. 10(a) while the rest of the matching discussion is as for Fig. 4 of Ref. [12] . This correction is compared with the former curve, obtained by using the analytical solution and forms adopted previously [12, 27] , as mentioned in Sec. 3.2. The only change in this respect concerned, following the trend of the local parameter values found in this work as well as the lack of data below α-particle energy of ∼9 MeV, a constant increasing surface imaginary potential depth between the axes origin and the corresponding prediction in Table 3 at the latter energy. It results that the difference between the former and final values of this particular dispersive correction is well decreasing below 2 MeV for energies increasing above ∼15 MeV. This quantity is however quite low with respect to the real potential depths around 50 MeV within the nuclear surface region, where this correction is effective. At the same time, if this change would be involved in a new iteration of the first step of our ROP setting up, for the the imaginary potential parameters, it is obvious that the consequent changes of these potential depths would be comparable to the minor adjustment of the same depths mentioned in Sec. 3, carried out within the second step of our approach. Larger changes of ≤5 MeV for the dispersive correction due to the surface-imaginary potential variation below the Coulomb barrier are present only in the case of the elastic-scattering data on 58 Ni between 8 and ∼10 MeV. Nevertheless, it would be less effective also at these energies to look for imaginary-potential parameters within a new iteration of the semimicroscopic analysis of elastic-scattering data, due to the already very low sensitivity of the calculated elastic-scattering cross sections to the imaginary potential. Thus, except some obvious limits, the corresponding χ 2 minima are so slowly varying with the imaginary potential depths that no real change of these parameters may result. Alternatively, we have chosen to compare in Fig. 10 (a) the semi-microscopical elastic-scattering cross sections on 58 Ni at these low energies calculated by using the same local imaginary-potential parameters (Table 2 ) but the different former and final dispersive corrections shown in the inset as well. Even these effects are small and obviously within the experimental data bars.
Another point which had to be made clear was the consequence of the change itself of ROP parameters a R and W D due to the (α, x) reaction cross section analysis, on the formerly calculated angular distributions of α-particle elasticscattering by using the parameter forms established for energies higher than E 2 (Table 3 ). This again has been the case of only the elastic-scattering data on 58 Ni between 8 and ∼10 MeV, shown in Fig. 10(b) to have very similar description before and after the above-mentioned changes of the a R and W D parameter forms. It should be noted once more that this status follows the low variation of these parameters at energies rather close to the E 2 limit, as well as the minor sensitivity to the imaginary potential of the corresponding elastic-scattering cross sections dominated by the Rutherford component. Hence we may conclude that the changes of the ROP parameters below the Coulomb barrier have effects already within uncertainties of the parameter values in the rest of the energy range, so that the ROP parameters in Table  3 describe equally well both the elastic-scattering and induced-reaction data of α-particles.
A≤54 target nuclei
The particularly accurate (α, n) and total α-reaction cross sections for 48 Ti and 51 V measured and respectively established by Vonach et al. [28] , obviously overestimated by the α-particle emission OMP [8] , are slightly better described by the final ROP than by its former version obtained through the analysis of the elastic-scattering data alone (Fig. 11) . The same has been proved [13] to be true also for an enlarged systematics [78, 79, 80, 81, 82, 85, 86] discussed recently [23] , and several data sets [83, 87] lastly taken into account. The related incident-energy range can hardly explain the difference with respect to the same comparison just above A=60 (Fig. 12) . The reference to the Coulomb barrier values, so close to the edge E 2 (Fig. 16 ) between the two distinct energy regions of the present ROP (Table 3) , is ultimately making the point clear. The energies concerning these target nuclei are mainly above and around the Coulomb barrier, while in the rest of cases they are clearly below it. The two calculated functions for each reaction are indeed plainly different only for E c.m. /B C <0.9, while their variance is less visible along the steep part of the excitation functions.
A ∼63 target nuclei
The data for the target nuclei 58, 62, 64 Ni [80, 89, 90, 91] have been important for the aims of the present work since they illustrate the cross-sections trend for nearby isotopes of the same element and the (α, γ) as well as (α, n) and (α, p) reactions, which represent the total α-reaction cross section in the former and latter halves of the energy range concerned, respectively (Fig. 12) . Actually only the data for the 62, 64 Ni target nuclei [91] were formerly involved in the analysis leading to the final ROP parameters (Table 3) , which were consequently applied within the cross-section calculation for 55 Mn [88] and 58 Ni. On the other hand, the best description has been obtained for the smoother data in the latter case, due to the related energy range and Q-effects, while less accurate results were obtained for the heavier isotopes in Fig. 12 . Fortunately, this was not the case of the more recent data [20] for the 63 Cu(α, γ) 67 Ga reaction. The odd proton-numbers of the target and the compound and residual nuclei, with larger nuclear level densities, make the statistical-model calculations more reliable. The appropriateness of the last comment is also proved by the agreement of the calculated and experimental cross sections, although the same consistent parameter set [30, 31] has been involved for all four target nuclei.
A similar case but due to a distinct reason occurs for cross sections of the (α, γ) reaction on 56 Fe and 70 Ge obtained as well as for (α, n) reaction (Fig.  13) by using straightforwardly the final ROP. While the energy range of the existing (α, n) reaction data was as large as for nuclei with A≤54 with respect to the Coulomb barrier, that of the (α, γ) reaction was again quite narrow. However, the corresponding cross sections have been very close to the total reaction cross sections over at least the former half of this energy range. It results thus a larger sensitivity of the model calculations to the α-particle OMP parameters, in comparison with that of the (α, n) reaction analysis for similar nuclei also shown in Fig. 13 . Nevertheless, a very good agreement with the measured data has been achieved for both reactions. Altogether, the analysis for Ni and Cu isotopes has validated the ROP predictions for the total α-reaction cross section over more than four orders of magnitude.
A≥100 target nuclei
The simultaneous measurements of the (α, γ), (α, p), and (α, n) reaction cross sections on the target nuclei 96 Ru [21] and 106 Cd [14] provide the most useful support for the α-particle OMP discussion at the lowest energies below the Coulomb barrier. The measured data of the first two of these reactions on the target nucleus 112 Sn [15] have rather similar conditions, while the related neutron emission threshold is much higher in energy. The simultaneous description of these data is most important for the validation of α-particle OMP below the Coulomb barrier, especially within the energy ranges where the (α, γ) and subsequently (α, n) reactions stand for nearly the whole range of the α-particle interaction. On the other hand, the assumption [14, 15] concerning the similar overestimation of the (α, γ) cross sections and underestimation of the (α, p) cross sections, caused not only by the α-potential, led us to an additional investigation in this respect [33] . Thus, we analyzed the neutron total cross sections for the Cd, Sn and Te isotopes and the neutron energies up to 30 MeV, as well as the neutron capture on the same target nuclei for the neutron energies up to 3 MeV. A better knowledge of the neutron OMP and then of the γ-ray strength functions has been therefore obtained and applied within the present study of the (α, x) reaction cross sections.
First, we can state, that the calculated cross sections for the (α, γ) reaction on 96 Ru (Fig. 14) , 106 Cd and 112 Sn (Fig. 15 ) are in good agreement with the measured data, especially at α-particle energies where this reaction stands for nearly the whole range of the α-particle interaction. An even better description of these data could be obtained with small adjustments of the ROP parameters a R and W D , since our main interest is to obtain a general account of more experimental data using the same parameter set. The results are less satisfactory for the target nucleus 118 Sn (Fig. 15) . However, this happens at α-particle energies where the (α, γ) reaction cross sections are at least one order of magnitude smaller than the total α-reaction cross sections which go mainly in the (α, n) reaction channel. Secondly, the cross sections of the concurrent reactions (α, p), and (α, n) on 106 Cd are quite well reproduced, as well as the (α, p) reaction on 112 Sn (Fig.  15) . A particular case is that of the target nucleus 96 Ru at the α-particle energies around the threshold where the neutron emission becomes possible and increases very rapidly, at the expense of the (α, p) reaction cross sec-tions. Since this effect is observed similarly to the (α, n) reaction on 98 Ru (Fig. 14) , one may consider this model-calculation failure to be the result of a less suitable account of the neutron and proton emission channels. This observation also explains the approximately correct reproduction of the slope of the 118 Sn(α, γ) 121 Te excitation function. Nevertheless, the comparison of the calculated and measured (α, γ) reaction cross sections at energies where they represent the total α-reaction cross sections gives a good validation of the α-particle ROP.
Conclusions
The analysis of the α-particle elastic scattering on 50≤A≤124 nuclei at energies below 50 MeV has been carried out using the semi-microscopic DF approach. The energy-dependent phenomenological OMP imaginary part, which was obtained in this case, using the dispersive correction to the DF real potential, has been then used for a completely phenomenological analysis of the same data basis. By using the real DF potential and adjusting only the imaginary OMP part parameters, the number of free parameters are well decreased. Afterward, we adjusted only the parameters of the real phenomenological potential of Woods-Saxon shape while the imaginary components remained unchanged. An average of the local parameter values has been obtained in order to provide finally a regional parameter set which can be easily used in further analyses or predictions.
Moreover, the ROP obtained in the present work has been applied in the statistical-model analysis of the (α, x) reaction cross sections below the Coulomb barrier available below 10-12 MeV for nuclei within the same mass range. For the rest of statistical-model parameters we have used consistent sets established by analyzing various independent experimental data for all stable isotopes of V, Mn, Co, Ni, Cu [29, 30, 31] , Mo [32] , and Pd, Sn and Te [33] , which finally allow us to focus on the uncertainties of the α-particle OMP. While a suitable description of the (α, n) reaction cross sections was found for lighter target nuclei with A≤54, a major overestimation of (α, γ) reaction cross sections resulted for 62, 64 Sn. This behavior is related to the energies above and around the Coulomb barrier, for the former mass range, and clearly below it for the latter. A suitable description of the (α, x) reaction data below the Coulomb barrier is no longer possible by means of the optical potential provided by the elastic-scattering data analysis above this barrier, a modified surface imaginary potential being necessary. A reliable assessment of the final ROP below the Coulomb barrier has been given by its straightforward and successful use in calculations of reaction cross sections for the target nuclei 44 Ti, 55 Mn, 56 Fe, 59 Co, 58 Ni, 65 Cu, and 70 Ge.
Actually, the drop of the surface imaginary potential depth with the decrease of α-particle energy below the Coulomb barrier, necessary for the (α, x) reaction data account, is in line with the strong change of the number of open reaction channels within this energy range. It can also explain the even worse results of the former α-particle ROP based on the elastic-scattering analysis alone [12] , when used in the (α, x) reaction data analysis, as opposed to the four-parameter global potential [16] and related OMPs [17, 18] which have only a volume imaginary potential with a constant depth. The lack of an energy-dependent surface component thus prevents larger negative effects by extrapolation below the Coulomb barrier. On the other hand, becoming aware of the changes of α-particle OMPs obtained through elastic-scattering analysis alone, in order to describe the (α, x) reaction-data as well, the difference between the α-particle OMPs in the entrance and exit channels could be easier understood. Thus, the present insight into the behavior of the α-particle optical potential at very low incident energies will make possible a further concluding assessment of the α-particle emission at similar energies but in the exit channels [8, 10] . Table 1 The experimental data of α-particle elastic scattering analysed in this work. Target where: [73] Figure captions Table 1 Table 2 (solid curves), the regional parameter set in Table 3 (dash-dotted curves), or the global OMP parameter set of Kumar et al. [23] (dotted curves). 9 . The real-potential diffuseness a R obtained by analysis of the experimental angular distributions of α-particle elastic scattering (Table 1 ) using the average values for the rest of all OMP parameters (Table 3) , versus the α-particle energy (top) and its ratio in the center-of-mass system to the Coulomb barrier B C (bottom). The full circles correspond to the target nuclei with A >89. [60] angular distributions of the elastic scattering of α-particles between 8.1 and 9.6 MeV on 58 Ni, with OMP calculations using (a) the local imaginary-potential parameters (Table  2 ) and semi-microscopic DF approach together with the surface-imaginary po-tential dispersive corrections formerly used within the elastic-scattering analysis (dotted curves) and corresponding to the final form of the ROP surface imaginary-potential in Table 3 (solid curves), and (b) the phenomenological parameters obtained formerly within the elastic-scattering analysis, i.e. for energies above the limit E 2 in Table 3 (dashed curves), and the final ROP (solid curves). In the inset of (a) are shown the same surface-imaginary potential dispersive corrections used for calculation of the angular distributions shown by the similar curves. Fig. 11 [87] , with calculated values using the predictions of the present optical potential established by the elastic-scattering data analysis alone at energies above the Coulomb barrier B C (dash-dotted curves) as well as its final form (Table 3) proved necessary for the (α, x) reaction data account (solid curves). values using the predictions of the present optical potential established by the elastic-scattering data analysis alone at energies above the Coulomb barrier B C (dash-dotted curves), as well as a constant real-potential diffuseness a R at lowest energies below the energy E 2 given in Table 3 (dashed curves), and the final ROP proved necessary for the (α, x) reaction data account (solid curves). The total α-reaction cross sections provided at all energies by the ROP parameters established by the elastic-scattering analysis alone, are also shown (dotted curves) for a direct view of the weight of reactions being analyzed, by comparison with the corresponding dash-dotted curves. Fig. 12 Fig. 12 but for the target nuclei 106 Cd [14] and 112,118 Sn [15, 22] , except the bottom-right corner where the final ROP proved necessary for the (α, x) reaction data account is used for all calculated cross sections of (α, n) (thick solid curve), (α, γ) (thin solid curve), (α, α ′ ) (short-dotted curve), and (α, p) (dash-dot-dotted curve) reactions. The energies E 1 (dash-dotted curve) below which the imaginary-potential depth W D =4 MeV, E 2 (solid curve) corresponding to 0.9B C , and E 3 (dotted curve), at which the present ROP parameters change their energy dependences, versus the target nuclei atomic-mass number, and the energy ranges of the (α, x) reaction data formerly analyzed in the present work (thin vertical bars) as well as involved within the additional check of ROP (thick bars). The mass-dependences corresponding to nuclei with a nuclear asymmetry (N-Z)/A value of 0.1 are shown, while the complete formulas of the energies E 1 , E 2 , E 3 are given in Table 3 . Table 1 ) angular distributions of the elastic scattering of α-particles at 25 MeV on 51 V, 53 Cr, 56, 58 Fe, 59 Co, 63 Cu, 70, 74, 76 Ge, 76, 78, 80 Se, 94 Mo, 107 Ag and 112,124 Sn, divided by the Rutherford cross section, with OMP calculations by using either the present local parameter sets of Table 2 (solid curves), the regional parameter set in Table 3 (dash-dotted curves), or the global OMP parameter set of Kumar et al. [23] (dotted curves). Fig. 9 . The real-potential diffuseness a R obtained by analysis of the experimental angular distributions of α-particle elastic scattering (Table 1 ) using the average values for the rest of all OMP parameters (Table 3) , versus the α-particle energy (top) and its ratio in the center-of-mass system to the Coulomb barrier B C (bottom). The full circles correspond to the target nuclei with A >89. [60] angular distributions of the elastic scattering of α-particles between 8.1 and 9.6 MeV on 58 Ni, with OMP calculations using (a) the local imaginary-potential parameters (Table 2 ) and semi-microscopic DF approach together with the surface-imaginary potential dispersive corrections formerly used within the elastic-scattering analysis (dotted curves) and corresponding to the final form of the ROP surface imaginary-potential in Table 3 (solid curves), and (b) the phenomenological parameters obtained formerly within the elastic-scattering analysis, i.e. for energies above the limit E 2 in Table 3 (dashed  curves) , and the final ROP (solid curves). In the inset of (a) are shown the same surface-imaginary potential dispersive corrections used for calculation of the angular distributions shown by the similar curves. [87] , with calculated values using the predictions of the present optical potential established by the elastic-scattering data analysis alone at energies above the Coulomb barrier B C (dash-dotted curves) as well as its final form (Table 3) proved necessary for the (α, x) reaction data account (solid curves). and calculated values using the predictions of the present optical potential established by the elastic-scattering data analysis alone at energies above the Coulomb barrier B C (dash-dotted curves), as well as a constant real-potential diffuseness a R at lowest energies below the energy E 2 given in Table 3 (dashed curves), and the final ROP proved necessary for the (α, x) reaction data account (solid curves). The total α-reaction cross sections provided at all energies by the ROP parameters established by the elastic-scattering analysis alone, are also shown (dotted curves) for a direct view of the weight of reactions being analyzed, by comparison with the corresponding dash-dotted curves. Fig. 12 but for the target nuclei 106 Cd [14] and 112,118 Sn [15, 22] , except the bottom-right corner where the final ROP proved necessary for the (α, x) reaction data account is used for all calculated cross sections of (α, n) (thick solid curve), (α, γ) (thin solid curve), (α, α ′ ) (short-dotted curve), and (α, p) (dash-dot-dotted curve) reactions. The energies E 1 (dash-dotted curve) below which the imaginary-potential depth W D =4 MeV, E 2 (solid curve) corresponding to 0.9B C , and E 3 (dotted curve), at which the present ROP parameters change their energy dependences, versus the target nuclei atomic-mass number, and the energy ranges of the (α, x) reaction data formerly analyzed in the present work (thin vertical bars) as well as involved within the additional check of ROP (thick bars). The mass-dependences corresponding to nuclei with a nuclear asymmetry (N-Z)/A value of 0.1 are shown, while the complete formulas of the energies E 1 , E 2 , E 3 are given in Table 3 .
